Abstract: A new species of entomopathogenic nematode (EPN), Steinernema biddulphi n. sp., was isolated from a maize field in Senekal, Free State Province of South Africa. Morphological and molecular studies indicated the distinctness of S. biddulphi n. sp. from other Steinernema species. Steinernema biddulphi n. sp. is characterized IJs with average body length of 663 mm (606-778 mm), lateral fields with six ridges in mid-body region forming the formula 2,6,2. Excretory pore located anterior to mid-pharynx (D% = 46). Hyaline layer occupies approximately half of tail length. Male spicules slightly to moderately curved, with a sharp tip and golden brown in color. The first generation of males lacking a mucron on the tail tip while the second generation males with a short filamentous mucron. Genital papillae with 11 pairs and one unpaired preanal papilla. The new species is further characterized by sequences of the internal transcribed spacer (ITS) and partial 28S regions (D2-D3) of the ribosomal DNA (rDNA). Phylogenetic data show that S. biddulphi n. sp. belongs to the ''bicornutum'' clade within the Steinernematidae family.
Entomopathogenic nematode species belonging to the family Steinernematidae (Rhabditida) are obligate and lethal endoparasites of insects that have a symbiotic relationship with specific bacteria of the genus Xenorhabdus (Poinar, 1990) . Steinernematids have a worldwide distribution (Adams et al., 2006) and so far, more than 90 species have been described from all continents except Antarctica and this number is growing every year.
Entomopathogenic nematode species and isolates show variation in their host range, infectivity, environmental tolerances, and suitability for commercial production and formulation (Hazir et al., 2001; Koppenhofer and Fuzy, 2003) . Therefore, the recovery of indigenous nematode strains and/or species may provide better results with regards to inundative release against local pests. This rationale has stimulated the coordination of many surveys in search for new species and strains (Mwaitulo et al., 2011; Kanga et al., 2012; Zadji et al., 2013) .
In recent years, several surveys have been conducted in South Africa resulting in the recovery of eight new Steinernematid species, namely Steinernema khoisanae , S. citrae (Stokwe et al., 2011) , S. sacchari (Nthenga et al., 2014) , S. tophus (Cimen et al., 2014) , S. innovationi (Cimen et al., 2015) , S. jeffreyense (Malan et al., 2015) , S. beitlechemi (Cimen et al., 2016) , and S. fabii (Abate et al., 2016) .
Surveys were conducted during mid-summer in the central regions of the Free State Province around the towns of Senekal and Winburg. Climatic conditions in this region can be characterized as cool, humid subtropical summer with rainfall (warmest month ,228C).
The dominant vegetation type is grassland with croprelated agricultural activities including cultivation of maize (Zea mays L.), sunflower (Helianthus annuus L.), wheat (Triticum aestivum L.), and soya beans (Glycine max (L.) Merr.).
Among the isolated steinernematids, a nematode having two horn-like structures on the labial region of the IJ, belonging to the ''bicornutum'' group was recovered. Morphological and molecular analyses showed that this nematode differs from the previously described species S. riobrave (Cabanillas et al., 1994) , S. bicornutum (Tallosi et al., 1995) , S. ceratophorum ( Jian et al., 1997) , S. abbasi (Elawad et al., 1997) , S. pakistanense (Shahina et al., 2001) , S. bifurcatum (Shahina et al., 2014) , S. yirgalemense (Nguyen et al., 2004) , S. papillatum (San-Blas et al., 2015) , and S. gowenii (San-Blas et al., 2016) , as well as other steinernematid species. The new nematode species is described as Steinernema biddulphi n. sp. and named after the mountain ''Biddulphsberg'' near the town Senekal in South Africa.
MATERIALS AND METHODS

Collection and examination of nematodes
Soil samples were collected from a maize field in Senekal, Free State, South Africa. Each sample consisted of 3 to 10 subsamples that were taken randomly from the surface to a depth of 20 cm. Five lastinstar Galleria mellonella (L.) (Lepidoptera: Pyralidae) larvae were placed in a 600-ml plastic container filled with moistened soil obtained from samples (Bedding and Akhurst, 1975) . Containers were kept at room temperature (228C 6 38C). Mortality of G. mellonella larvae was checked daily and dead larvae were transferred to a modified White trap (White, 1927) until emergence of IJs (Kaya and Stock, 1997) .
Steinernema biddulphi sp. n. was reared on last instar of G. mellonella as described by Kaya and Stock (1997) . The first and second generation adults were obtained from the dissection of 3-and 5-d-old infected G. mellonella larvae, respectively. Infective juveniles were collected approximately 1 wk after emergence from the cadavers.
The IJs and the first and second generation adults were heat-killed in Ringer's solution and fixed in triethanolamine formalin (Courtney et al., 1955) . The nematode samples were subsequently processed in anhydrous glycerine for mounting (Seinhorst, 1959) . Morphometric analysis of the specimens was conducted and photographs using a Zeiss Axioplan 2 microscope (Zeiss, Jena, Germany) equipped with an Olympus DP73 digital camera (Olympus, Hamburg, Germany).
Scanning electron microscopy
Nematode specimens were fixed in 4% formalin buffered with 0.1 M sodium cacodylate at pH 7.2 for 24 h at 48C to 68C. They were postfixed with a 2% osmium tetroxide (OsO 4 ) solution for 12 h at 258C, and then dehydrated in a graded ethanol series. The dehydrated specimens were critical point dried in liquid CO 2 , mounted on scanning electron microscopy (SEM) stubs, and coated with gold (Nguyen and Smart, 1995, 1997) . The mounts were examined with a JEOL 7401 FE scanning electron microscope (JEOL, Eching, Germany) at 4-kV accelerating voltage.
Molecular characterization
DNA was extracted from single females. Each female was transferred into a sterile Eppendorf tube (500 ml) with 20 ml of extraction buffer (17.7 ml of ddH 2 O, 2 ml of 10 3 PCR buffer, 0.2 ml of 1% tween, and 0.1 ml of proteinase K). Buffer and nematode were frozen at 2208C for 20 min and then immediately incubated at 658C for 1 h, followed by 10 min at 958C. The lysates were cooled on ice, then centrifuged (2 min, 9,000 g) and 2 ml of supernatant was used for PCR (Mr a cek et al., 2014) .
A fragment of rDNA containing the ITS regions (ITS1, 5.8S, ITS2) was amplified using primers 18S: 59-TTGATTACGTCCCTGCCCTTT-39 (forward), and 28S: 59-TTTCACTCGCCGTTACTAAGG-39 (reverse) (Vrain et al., 1992) . The other fragment containing D2-D3 expansion segments of the 28S rDNA was amplified using primers D2F: 59-CCTTAGTAACGGCGAGTG-AAA-39 (forward) and 536: 59-CAGCTATCCTGAG-GAAAC-39 (reverse) (Nguyen, 2007) .
All PCR products were sequenced and for the ITS region, five sequence chromatograms were checked for the presence of intraindividual variability (P u za et al., 2015) . The sequences were deposited in GenBank under accession numbers KT373857 (ITS sequence) and KT580950 (28S sequence). The sequences were edited and compared with those present in GenBank by means of a Basic Local Alignment Search Tool (BLAST) of the National Centre for Biotechnology Information. An alignment of our samples together with sequences of related steinernematid species were produced for ITS and 28S regions using default ClustalW parameters in MEGA 6.0 (Tamura et al., 2013) and optimized manually in BioEdit (Hall, 1999) . Pairwise distances were computed using MEGA 6.0 (Tamura et al., 2013) .
The phylogenetic trees of the ITS and 28S genes were obtained by the minimum evolution method (Rzhetsky and Nei, 1992) in MEGA 6.0 (Tamura et al., 2013) . Steinernema nepalense and Steinernema scapterisci were used as outgroup. The minimum evolution tree was searched using the close-neighbor-interchange (CNI) algorithm (Nei and Kumar, 2000) . The neighborjoining algorithm (Saitou and Nei, 1987) was used to generate the initial tree. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000) and are expressed as the number of base differences per site. 
Bacterial symbiont
Bacterial DNA was extracted from a 2-d-old culture using DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. 16S RNA was amplified using primers 10F: 59-AGTTTGATCATGGCT CAGATTG-39 (forward) and 1507R: 59-TACCTTGTTAC GACTTCACCCCAG-39 (reverse) (Sandstr€ om et al., 2001) . Recombinase A gene (recA) was amplified using primers RecA1F: 59-GCTATTGATGAAAATAAACA-39 (forward) and RecA2R: 59-RATTTTRTCWCCRTTRTAGCT-39 (reverse) (Tailliez et al., 2010) . Gyrase B gene (gyrB) was amplified using primers 8SF gyrB: 59-TACACGAAGAAGAAGGT GTTTCAG-39 (forward) and 9Rev gyrB: 59-TACTCATC CATTGCTTCATCATCT-39 (reverse) (Tailliez et al., 2010) .
The PCR master mix consisted of ddH2O 7.2 ml, BSA 0.5 ml, 103 PCR buffer 1.25 ml, dNTPs 1 ml, 0.75 ml of each forward and reverse primers, polymerase 0.1 and 1 ml of DNA extract.
The PCR profiles were used as follows for 16S: 1 cycle at 948C for 1 min followed by 33 cycles at 948C for 60 s, 558C for 60 s, 728C for 2 min, and a final extension at 72 8C for 3 min, for RecA: 1 cycle at 948C for 2 min followed by 35 cycles at 948C for 30 s, 49.58C for 35 s, 728C for 60 s, and a final extension at 728C for 2 min and for gyrB: 1 cycle at 948C for 2 min followed by 35 cycles at 948C for 30 s, 668C for 35 s, 728C for 60 s, and a final extension at 728C for 2 min. All PCR products were sequenced and deposited in GenBank under the following accession numbers KX894736 (16S sequence), KX826946 (RecA sequence), and KX826947 (gyrB sequence).
RESULTS AND DISCUSSION
SYSTEMATICS
Steinernema biddulphi n. sp.
( Figs. 1-3 ; Table 1 )
First generation male
Body curved ventrally posteriorly, J-shaped when heat-killed (Fig. 2H) . Cuticle smooth under light microscopy, but with faint transverse striations visible under SEM. Stoma reduced, short, and wide. Excretory pore located anterior to nerve ring. Spicules paired, symmetrical, curved, with golden brown coloration, ca. 72 mm long, spicule tip sharp. Calomus distinct, but short. Lamina with two internal ribs, slightly curved. Velum extending from calomus to ca. 80% of lamina length. Gubernaculum boat shaped, manubrium of gubernaculum curved ventrally (Fig. 3F) . Tail short, conoid, and terminus without mucron. Copulatory papillae totaling 23 in number, comprising 11 pairs and a single midventral papilla located anterior to anus. Paired papillae arranged as follows: six pairs subventral precloacal, one pair sublateral precloacal, one pair subventral adcloacal, one pair subdorsal postcloacal, and two subterminal postcloacal pairs.
Second generation male
Similar to first generation, but with smaller body. Tail terminus with a short filamentous mucron that is only visible with SEM.
First generation female
Body usually C-shaped when heat-killed, variable in length, first generation females substantially larger (average 7,497 mm) than second generation females (average 1,623 mm). Head bluntly rounded, slightly tapering anteriorly, continuous with body, with six lips fused at base; each lip bears papilla. Outer circle of four cephalic papillae present. Lips distinct. Stoma ca. 8 mm long and 9 to 11 mm broad. Excretory pore located anterior to nerve ring and at level of midmetacorpus. Vulva opening at mid-body, slightly asymmetrical and in form of a transverse slit, protruding ca. 20 mm from body contour. Small epiptygma rarely observed. Vagina short, leading into paired uteri. Rectum narrow, anal opening distinct. Postanal swelling observed in most of the mature females. Tail of mature females obese, simply rounded, bearing four minute projections. Endotokia matricida occurred in more than half of the females.
Second generation female
Similar to the first generation in general morphology, but smaller. Vulva slightly protruding. Tail conical, longer than anal body diameter, with a pointed tip and without mucron. Postanal swelling distinct.
Infective juvenile
Body slender, tapering gradually from base of pharynx to anterior end and from anus to terminus (Fig. 1F,  G) . Average body length 663 mm, second stage cuticle sheath present after emergence from the host. Body almost straight or slightly bow shaped when heat-killed. Cuticle with a prominent striations (distinct under SEM) ca. 1.5 mm wide at mid-body. Lateral fields consisting of six ridges in mid-body region (i.e., seven lines). Lateral field beginning anteriorly with a cuticular depression (line) on the 1st annulus; at 17th annulus, two ridges appearing and changing to six ridges (seven lines) at excretory pore level. Close to anus, lateral field reducing to two ridges extending almost to tail tip. Formula of lateral field: 2,6,2. Cephalic region rounded, Type host, locality, and habitat
Unknown in nature, from bait insect Galleria mellonella (L.). The type isolate, SGI-246, was recovered from a maize field in Senekal, Free State, South Africa (2882391560S, 2783094060E).
Type specimens
Holotype 1st generation male, paratype males (M1, 3 slides with 17 specimens; M2, 3 slides with 27 specimens), paratype females (F1, 6 slides with 33 specimens; F2, 3 slides with 26 specimens), and third stage juveniles (2 slides with 55 specimens) were deposited at the EPN collection in the Laboratory of Entomopathogenic Nematodes, Institute of Entomology, BC CAS, Cesk e Bud ejovice, Czech Republic. A total of 23 slides with paratype IJ (3 slides with 100 specimens), males and females (F1, 10 slides with 30 specimens; F2, 4 slide with 24 specimens; M1, 3 slides with 15 specimens; and M2, 3 slide with 20 specimens) were deposited at the Department of Biology, Faculty of Arts and Science, Adnan Menderes University, Turkey.
Etymology
The specific epithet derives from the mountain ''Biddulphsberg'' near the town Senekal where S. biddulphi n. sp. was isolated.
Symbiotic bacterium
Based on the BLAST search and phylogenetic analysis of the concatenated sequences, sequences of the 16S rDNA and recA and gyrB genes (data not shown), the symbiotic bacterium of S. biddulphi n. sp. (bacterial strain SGI-246) seems to be most closely related to Xenorhabdus indica (BLAST similarities 98% for 16S rDNA, and 97% for recA and gyrB genes). This bacterium was found in association with other nematodes from the ''bicornutum '' group, namely Steinernema abbasi (Somvanshi et al., 2006) , S. yirgalamense (Ferreira et al., 2016) , and S. bifurcatum (Shahina et al., 2014) .
Based on the molecular data, the strain SGI-246 could represent a new Xenorhabdus species, however, further research including DNA-DNA hybridization 24 (22) (23) (24) (25) and phenotypic characters are necessary to draw any conclusion.
Life cycle
The life cycle of S. biddulphi n. sp. is similar to other Steinernema species. In an experimental infection of G. mellonella with a dose of 50 IJs per insect at a temperature of 228C, the majority of insects were dead after 48 h, and fourth stage juveniles were present in the hosts. Two amphimictic generations occur inside the host, and the first and second generation stages could be observed after 2 and 8 d of initial infection, respectively. Infective juveniles appeared 10 d postinoculation.
Diagnostic
Steinernema biddulphi n. sp. is characterized by the following combination of morphological features: body length of IJs on average 663 mm (606-778 mm), lateral fields with six ridges in mid-body region forming the formula 2,6,2. Excretory pore located anterior to midpharynx (D% = 46). Hyaline layer occupies approximately half of tail length. Male spicules slightly to moderately curved, with a sharp tip, golden brown in color, manubrium elongate with a length to width ratio of 1.2:1. The first generation males lacking a mucron on the tail tip while the second generation males bearing a mucron on the tail tip. Genital papillae with 11 pairs and one unpaired preanal papilla. First generation females possess moderately protruding vulva, slightly protruding postanal swelling and peg-like tail tip without a mucron on the tip.
Relationships
Steinernema biddulphi n. sp. can be distinguished from other Steinernema species by means of a combination of morphological and morphometric characteristics of males and IJs. Based on these data, Steinernema biddulphi n. sp. belongs to the ''bicornutum'' clade within the Steinernematidae family. Molecular data show that within this clade, Steinernema biddulphi n. sp. is sister to the pair of S. pakistanense and S. bifurcatum and this group is related to the pair of S. yirgalemense and S. abbasi.
First generation males of Steinernema biddulphi n. sp. can be distinguished from the males of S. bifurcatum by a body length of 1,436 mm (1,169-1,697 mm) vs 1,192 mm (1,059-1,454 mm) ( Table 2 ). The maximum body diameter of S. biddulphi n. sp. males (121 mm [94-168] ) is substantially larger than in S. abbasi (87 mm [82-98] ). The first generation males of S. biddulphi n. sp. also differ from S. yirgalemense in ratio GS% (62 [54-70] vs 74 [65-85] ) ( Table 2 ).
The IJs of S. biddulphi n. sp. can be distinguished from S. abbasi, S. bifurcatum, and S. pakistanense by the distance from anterior end to nerve ring of 92 mm (84-103 mm) vs 68 mm (64-72 mm), 69 mm (66-80 mm), and 80 mm (76-83 mm), respectively (Table 3) . Steinernema biddulphi n. sp. further differs from the two former Table 3 ). The lateral field pattern of the IJs of S. biddulphi n. sp. with six ridges at mid-body differs from all other species from the ''bicornutum'' group that have eight or seven ridges in total.
Furthermore, the first generation females of Steinernema biddulphi n. sp. differ from the females of S. pakistanense and S. bifurcatum by having a postanal swelling.
The presence of four projections on the tail tip of the first generation females of S. biddulphi n. sp. is unique among steinernematid nematodes. Mr a cek et al. (2016) have shown the presence of three projections in females from ''kraussei,'' ''affine,'' ''glaseri,'' and ''carpocapsae'' groups, however, females from ''bicornutum'' were missing in the study cited above. Our study shows that four projections can occur in females from the ''bicornutum'' clade. 
